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Comparative Toxicity of Cyclic Polypeptides and bepsipeptides on Cultured Rat
Hepatocytes. K.A. MEREISH, R, SOLOW, Y. SINGH AND R. BHATNAGER Funda. Appl.
Toxicol. ’ ’ . Primary cultures.of adult rat‘hepatocytes were
used to lﬁvestlgate the comparative toxicity of three cyclic polypeptides
(cyclosporine, gramicidin-s. microcystin-LR) and two depsipeptides (enniatin-b
and valinomycin)., Cell injury ua; asséssed by the release ofbcellular [‘uCl
adenine nucleotides and lactate dehydrogenase into the media. At 1 uM, the
ecyclic polypeptides (cyclosporine and grahicldln-s) éﬁd depsipeptides
(enniatin-b and valinomycin) did not induce a significant releasé of adenine
nucleotides or lactate dehydrogenase from.cultured rat hepatocytes as compared
to controls. However, gramicidin-s, valinomycin, and cjclosportne jnduced |
significant cytotoxicity at 50 uM. chrocystthLR dose-reponse studies
indicated that maximum cytotoxicity was found at ! M. Compariti;ely,
gramicidin-s, valinomycin undlcyclosporlne were at least 50 fimes less
cytotoxic to rat hepatocytes than microcystin-LR. The release of
'l’“Clnu;)eo;ldes from hepatocytes t;eatéd with microcystin-LR way

' distinctively different by the presence of a lag phase .from that observed in
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iow-molecular-weight, cyclic polypeptides (peptides linked through an
amide linkage) and depsipolypeptides (peptides linked through an ester
linkage) comprise a small group of metabolites proruiced by fungi, algae, or
bacterla. Among these cyclic polypeptides are cyclosporine, gramicidin-s, and
migrocystln-LR, uﬁlle vallnomycin and enniatin-b represent cyclic
depsipeptides (Fig. 1). These cyclic‘compounds possess var!éd pharmacological
properties ranglng from antimicrobial activity (valiromycin, enniatin-b,
gramicidin-s, microcystin-LR), strong Immunosuppressive activity
(cyclosporine), to antima}arlallactivlty (vallnomycin, cyclosporin,
gramicidln-a)ii Many of these small mass (<1500 daltons) cyclic peptides
possess lonophoric properties exhibiting differences in ion selectivity and
affinities. The toxicity (LDSO) of thes; compounds varies from microgram to
mllligram qqanéities in rodents. The LDS50 for valincmyein (Daoud and Juliano,
i986), enniatin-b (Wannemacher et al., 1988), cyclosporine (Ryffel, 1982),
microcystin-LR (Runnegar and Falconer, 1981) in mice and the LDS0 for
gramicidin-s in rats (Merck Index, 1976, p. 4387), has béen reported to be 1.7
mg/kg, 20.6 mg/kg ip, 107 mg/kg tv, S6 ug/kg ip, and 17 mg/kg ip
rcspectively. Although mice treated with 200 mg/kg/day of cyclosporine
(Boland et al., 1984),~or sublethal doses of microcystin-LR (Runnegar =nd
Falconer, 1981), developed hepatic vascular congestion-and fatty llver, there
is no {nformation available on the hepatotoxicity of the other cycllcv |
polypeptides. ‘ ‘ B

Mcuse liver slices lncubated.in vitro Wwith microcystin-LR exh.bited no
ma jor defects In the synthes:s of protein, HNA, DNA, or oxygen consupmtion
(Runnegar and Falconer, 1981; 1382). Microcystin-LR induces in mice a rapid
onset of liver damage (Falcuner et al, 1981; Runnegar and Falconer, 1981;
Theiss 1984; Theiss and Carmichael, 1986) and necrosis of cultured hepatocytes

after several hours of incubation with the toxin (Foxall and Sasner, 1981).



This study was designed to compare cell injury induceq by these cyélic
peptides and depsipeptides by using a simble and rapid assay to detect cell
damage (Shirhatti and Krishna, 1985). The method i3 a noninvasive assay that
evaluates injury to cultured cells grown as monolayers. The assay measures
the release of [1uC]nucleotldes from cells exposed to toxic agents. This in-
vitro assai has been used to assess hepatocyte damage induced by exposure to
toxic agents such as acetam;nophen; the calcium foncphore A23187, or-
daunomycin (Shirhatti and Krishna, 1985). The rzlease of nucleotides from
cells exposed to various toxic agents has been shown to be an early marker
pccurrlng prior to or concomitant with cesl damage (Chenery et al., 1981),
Although the release of other markers, such as radiolaheled proteins
[’25lllododeoxyur1d1ne, or [3H]thym£31ne labeled DNA, are frequently used to
évaluaté cytotoxicity (Schlager and Adams, 1983), these markers only begin to
.leak 'during or aftgr nuclear disintegration and cell lysis. Therefdre, the
method descflbed by Shirhatti and Krishna (1985) offers an advantage in
{nvestigating the comparative toxicity of toxic agents because it {s able to

detect cell damage prior to the onset of necrosis.

METHODS

Materjals. The folloulné materials were obtained commercially from the
indica“ed sources: gramiéldin-s (Chemical Dynamics Corp., South Field, NJ);
valinomycin (Calbiochem, La Jolla, CA); l‘"C]adenine (50 mCi/mmol, New England
Nuclear, quton, MA); tissue culture.medium and fetal bovine serum aibumin
{(GIBCO, Grand Island, NY); tissue culture ware (Becton-Dickinson L;bware,
Licoln Park, NJ) rat tail collagen, collagenase type IV , 5'-AMP, 5'-ADP, 5'-
ATP, 5'-IMP, adenosine and adenine (Sigma, St., Louls, MO).

Male, FW.LEW, conéenlc, inbred (G. Anderson, USAMRIID, Fort Detrick,

Frederick, MD) rats weighing between 250-300 g, were used for all




‘experlments. Microcystin-LR (85-95% puriéy by high-performance-liquid-

| chromatography) was obtained from Dr, W. Carmichael, Wright State Uinversity,
Dayton, OH. The following materials were gifts from the indicatd sources:
cyclosporine (Sandoz Laboratories, tast Hanover, NJ) and enniatin-b (95}
purity by thin layer chromatography) from Dr. H.R. Burmelster, Northern

Regional Reséarch Center, USDA, Peoria, IL.

Hepatocytes. Rat hepatocytes were isolated and cultured according to the
method of Elliget and Kolaja (1983). Viable hepatocytes were counted by
'trypan blue exclusion. The rinsed hepatocytes were resuspended at 5 x 10%
viable cells per ml in L5 medium, containig 17} Feta{ calf serum,, and seeded
on collagen-coated, b-well plates by adding 1 m! of cell suspension pef
well. The cells were allowed to settle for 30 min at room temperature and:
then incubated at 37°C with 51 €O, and 90% humidity for an additional 2 hr.

‘ After incubation, the majority of the cells had attached to the bottom of the
uéll and formed a monolayer. The non-attached cel!s were removed by

aspiraticn and 2 m! of fresh cuiture medium was added to each well.

Labeling the Nucleotide Pool and Measurement of Drug-induced Tuxiclity.

After overnight incubation of the hepatocytes, culture medium from each wel]
was replaced with 1 ml of L5 medium containing l’uC!adenlne (0.2 uCt, 4

uM). Adenine nucleotide pool was labelad as described by Shirhatti and
Krishna (1985). Labcled cells were then incubated Tor 24 hr with 1 ml of
‘medlum containing varfous concentrations of cyclic peptides or with 1 ml
medium as contrcl. At seclected time intervals, incubation was terminated and
wells were assayed for toxicity Indicies. Cell medium was removed and
céntrlruged at 500 x g tor # min in an Eppendorf centrifuge, model SU4il, An

aliquot (200 ui) of the supernatant was removed and counted for radioactivity



in ?O ml of Hydrofluor (National Diagnostic, Somerville, NJ) in a Beckman
scintillation counter, mode) LSSBOO {Beckman Inst. Co, Fullertiﬁ, CA).

Another aliguot (400 ul) of the supernatant was removed and stored at -4°C for
nucleotides and lactate dehydrogenase (LDH) determination. The cells were

lysed by the addition to each well of 1 ml of 0.05% digitonin in phosphate

. buffeq. An aliquot of cell lysate was used to determine radiocactivity, LDH,

and protein content. Protein levels were determined by using Pierce protein
reagent (Pierce, Rockford, IL) and bovine serum albumin as Lhé standard.
Lactate dehyrogenése was assayed with sodium lactate as substrate and ﬁAD as
the cofactor; the rate of formation of NADH was monitored atl3u0 nm with Cobas '
Bio (Poche Analytical Inst, Nutley, NJ).

[1hC]nucleoc1des (AMP, ADP, ATP, IMP), adenlhé and adenosine from
hepatocytes' supernatant were determined by thin-layer éﬁromatography on PEI-
cellulose plates as described by Bochner and Ames,f1982). Regions
corresponding to the chromatographed standards were scrabed from the plate and
cgunted for radicactivity. Controi'anq treated hepatocftes were examined
vnder phase contrast microscopy (Nikon Diaphot inverted phase contrést.

microscope) to examine morphological changes.

RESULTS
Cultured rat hepatocytes incubated with 1 uM of valinomyein,

gramicidin-s, enniatin-b, or cyclosporine over 2& hr incubation did not
release liuC}nucleotides (Fig. 2? or LDH (Fig. 3) greater than contrbl levels
or induce any morphological changés. Hépatocyéeﬁ treated with 1 uM of
microcystin-LR leaked a significant increase over time in the amount of [’uC)-
nucleotide (ng. 2) and LDH (Fig. 3) 53 compared to control cells. This
increase was detectable 4 hr after exposure. Arter 10 hr of incubation,

approximately 80% of the cellular (1uClnucleotldes was released rrbm the




cells. A concentration of 0.1 uM of microcystin-LR also induced the release
of both (1uC]nucleotides and LLH from cultured rat hepatocytes as compared to
control cellsv(Fig. 4, 5). However, the release of i'uCInucleotides and LLH
was signifcant only after '0 and 8 hr, respectively (data nol shown).

| The dose-response relationship between microcystin-LR (0.1-50 .!,, and the
release of [1uC]nuéJeo;ides and LDH are sumﬁarlzed in Figureﬁ 4 ard 5,
respectively. Maximum dose-response for microcystin-LR was observed at 1 uM
concentration for both markers.

In order to determine whether the other cyclic polypeptides and
depsipeptides could induce on cultured rat hepatocytes, a similar toxic effect
at higher dose levels, the cells were incubated with 50 uM of valinomycin,
cyclosporine, or gramicidin-s for a totai of 24 hr (enniatin-b was not tested
at.SO ?H’ duelto lnadequaté quantities). This concentration was chosen
because it ls close.to the concentration required for pharmacological effects
in biological systems. At 50 uM, valinomycin, cyclosporine, and gramicidin-s
induced a significant release of l'uélnucleotides from hepatocytes (Fig. 6)
into the medium as compared to control cells. As shown in Figﬁre 6, the
effect was significant after 2 hr of incqbation‘and maximal by 6 hr.
Differences in the amounts and,/or rates of !1uClnucleotides released was
observed amorg cells treated wheq each of the three cyclic polypeptides.
Gramicidin-s- or valinomycin-treated cells releaéed about 80% and 70% of total
' nucleotldes} respectively, with the maximal rate of release observed within 2
hr of incubatlonk Cyclosporine induced a 9U% reinrase nt IXJC]nucleotides from
hepatocytes, with the maximal rate‘of release within 6 hr of incubation (Fig.
6).

At 50 uH, fhe threé cylic polypeptides also induced a signiflcant release
of LDH from treated hepatocytes as compared to control cells (Fig. 7).

Gramicidin-s- treated cells released LDH at a rate and in amounts which

-3




paralleled to the release of [1uC]nuc1eotides. There was a significant lag in

the release of LDH compared to the release of nucleotides from cells treated
! .

" with valinomyein or Qith cyclosporine., Furthermore, in cells treated with

cyclosporine and valinomycin, the reduced amounts of LDH released at early
time points (2 aﬁd 4 hr) were significantly less than the releaséd amounts of
nucleotidés; ‘Significant LDH release from vallnomycin-; microcystin-LR-, and
cyclosporine;treated cells was detected at 4 ﬁr, with the maximal réte of
release observed between 4 and & hr .of inc;bation. Houever, the maximal rate
of LDH release in gramicidin-s-treated cells was within 2 hr of incubation.

The Rf values for AMP, ADP, ATP, IMP, and adenosine were 0.68, 0.34, C.1,
‘0.58, and 0.54, respectively. Due to the poor resolution in separating
adenosine from IMP, the bands corresponding to thése two compounds was counted
as one and reported as IMP. The majqrity of [1uC]nuc1eotides released into
the medium from control or treated cells was determinéted as AMP, IMP and/or
adenosine. The distributiqn of labeled nucleotides released into the medium '
was the same in con;rol and treated cells (AMP and IMP, 89%; ADP,‘Bz; ATP,

0.5%).

. DISCUSSION
Microcystin-LR has been shown to be hepatotoxic selectively (Theiss and
Carmichael, 1986). At 1 uM, microcystin-LR-treated hepatocytes released 95%
of both [1uC]nucleotidgs and LDH. The same concgntration of gramicidin-s,
cyclosporine, valinomycin, énd enniatin-t did not affect the release of eithér
markers. The effect of microcystin-LR on hepatocytes may have been due to (a)~

the prgsende of specific receptors for microcystin-LR; (b) significant

bioactivation of microcystin-LR into toxic metabolite(s), with cr without
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concomitant depletion of critical cofactors required for cell viability, i.e.,
glhtathione, and/or NADPH or (c) microcystin-LR lnduéed s&nthesls and(or the
release of abnormal levels of biologically toxic mediator(s), l.e.,
prostaglandines, leukotrieres, radicals, etc.

Heﬁatocytes treated with 1 uM microcystin-LR exhibited a parallel pattern
of release of [1uC]nucleotides and LDH (fig. 2, 3). Both the percent and the

. kinetics of releése from treated cells were similar for both markers. This

parallgl release of markers suggests that at this concentration (1 uM)
microcystin-LR damaged hepatocytes, at least in part by damaging the plasma
mémbrane. Hépatocytes incubated Qith ! uM microcystin-LR for 2 hr released a
significant amount of arachidonic acid, and enhanced the fofmation_of
prostacyclin, prostaglandin é2; and thromboxane B2 as compared to ccntroi
cells (Naseem et al., 1988): Hepatocytes treated with 0.1 yM microcystin-LR
did not release iluclnhcleﬁtides or LUH until 8 hE of toxin exposure (data not
shown). |

The presence of a lag phase before the release of markers from cells
treated with low toxin éohcentracions may indicate that the mechanism of
hepatotoxicity is a mediated mode of action. lnterestlngl;, although a
significant amount of arachidonic acid and thrombaxane B2 were released from
hépatocytes incubated with 0.1 uM microcystin-LR for 2 hr, at this
concenﬁratlon, the toxin did not induce significant release of other
prostaglandins (Naseem et al., 1988), [1uC]nucleotides} or LDH.

A dose-response, toxicity-relationship study in isoléted hepatocytes
indicated that microcystin-LR induced maximum Félease of toxfcity markers at
51‘uﬁ concentration. Comparatively, at least 50X microcystin-LR dose of

vallnomyecin, cyclosporine, or gramicidin-a was necessary to achieve the same

cytotoxicity induced by microcystin-LR in cultured rat hepatocytes.




Hegatocytes treated with 50 uM of gramicidin-s, valinomycin, or
cyclosb;rlne released significant amounts of both [7"C]nuc1eotides and LDH,
fndicating the hepatotoxicity or;these cyelic polypeptides and
depsipeptides. Gramicidin-s (50 uM) treated hepatocytes releaced 95% of both
("¢ lnucleotides and LDH in a parallel fﬁshiou within tﬁe first 2-U4 hr of
incubation. In additiﬁn to the abscence of a lég time in the release, the
para}iel release of both markers suggests that gramicidin-s may induce celi
damage via a detergent effeét on the plasma membrane. This is supported by
several studies of the effect of micromolar amounts of gramicidin-s on intact
cells and model membranes. At 50 uM, gramicidin-s was showh to irduce 80%
release of 5,6-carboxyfluoroscein from phosphatidyl choline large, unilamellar
vesicles (Eytan and Broza, 1938). Addi-icnal evidénce for a putétive
detergent effect of gramicidin-s comes from studies investigating the effect
of gramiéidin-D on intact red blood cells ard red biood,cell membranes
(Classen et a1., 1987). Thus, exposure of hepatocytes to SQ uM of gramicidin-
s could posslbly lead to the formation of gramicidin-slaggregates in the
plasma membrane, which éould induce a large' leakage and permit the
simultaneouse reiease of both [‘uC]nucleotldes and LDH.

Like that observed with gramicidin-s, the release of [1uC]nuc1eotides
from hepatocytes incubated with 50 uM valinomycin or 50 hﬁ cyclosporine
occurred uithout a lag time. In coﬁtrast to nucleotide release, LDH release
from valinomycin- and cyclosporine- ﬁreated Hepatocytes occurred after a lag
phase.l The fact that [1uC]nucleotides release preceded the rélease of LDH
suggésts that the disruption induced by valinomycin and cyclosporine of
hepatocytes plasma membrane required time before the perturbation wus
sufficlient to allow the leakage of LDH.

In 1nt;ct cells and mehbrane-bcund enzymeé, valinomycin has been shown to

have a variety of effects that are ot related to its ionophoric property.
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Valinomyel

by about

cellular

n at 10‘7 M has been shown to reduce total cellular ATPase content
0% in a variety of cells (Kleuser et al., 1985), reduced total

P levels in lymphocytes and depolarized hltochondrla, and inhibited

Con A mitogenic stimulation of lymphocytes without inducing cell damage

(Felber et
the incorp
and ircrea
the Ca®*-A
and modify
(Davidson
hepatocyte
and. inhibi
'lndicated
Cyclo
in 20 to 4
(Calne et

liver, as

al., 1982; Negendank et al., 1982). Valinomycin at 10 yM promoted
oration of éxogenous fatty acids into red blood cells phospholipid
sed fatty acid turnover in membranes, while at 3 uM, it inhibited
TPase of endoplasmic reticulum membranes by binding to the enzyme
ing its affinity and speciftiicity to monovalent catfonic sites

and Berman, 1985). It is bosslble that 50 uM valinomycin inuuced
damage by perturbing plasma inembrane phospholipid turnover, btndiﬁg
ting critical membrane enzymes and/or depleting cellular ATP, as

by the release of (‘uClnucleotides into the medium.

derine has been shown to induce reversible liver and kidney damage

b: of patients receiving chronic therapeutic doses and in animals

al., 1979; Thomson et al., 1984). Cyclosporlne also damages the

hown by Increased alkaline phosphatase and serum bilirubin levels

and dilation of endoplasmic rei!culum (Blair et al., 1982). At subtoxic .
doses, hepatocytes have been shown to take up cyclosporine in a temperature-

|dependent diffusion process, where 50% of cyclosporine was found to partition
“ .

~within the cytoplasmic-soluble fraction and 50% within the plasma membrane

(2iegler et al., 1988). Also, Nagelkerke et al., (1987) demonstrated that

cyclosporine binds extensively to lipoproteins and other mac~omolecules.

Furthermor
’ eyclospori

1987). si

is possibl

e, depletion of glutathiore ircreased the coavalent binding of
ne metabolites to hepatocyte macromolecules (Nagelkerke et al.,
nce cyclosporine has been shown to partition in membrane lipid, it

e

that it mediates its toxicity by disrupting the membrare




"

permeabllliy barrieir. The release of .DH may proceed some uf these events
which are associated with l'uclnucleotid?s release.

The release of {'"Clnucleotldes from hepatocytes treated with 50 uM
ulcroéystln-LR was different from that Induced by gramicidin-s, valinomycin,

or cyciosporlne by the presence of a prominent lag time, The lag phase was

" also observed with hepatocytes incubated with 0,1 - 50 uM microcystin-LR,

This lag phase suggests thutlcell démage induced by microcysfin-LR might be
via a different mechanism than damage causedlby the other cyclic peptides.
The expression of hepatotoxicity by carbon tetrachloride, bromobenzene, and
acetaminophen s dependent upon extensive metabolic actlvatton; is
concentration dependent, and exhibits a lag time for all thes§ xenoblotics
(Casini ;t 41., 1982; Moore et al., 1385; Chet.~ry et al., 1981). It I3
possible that tﬁe in-vivo release of nucleoti es from hepatpcytesﬁhas
blological significance, since, adenine nucleotides not only Influence
platelet gg;regatlon. tut are also potent vasoactive agen{s. Adenine
nucleotides released rron.endotnel!al cells have been shown to act as loéal
hormones which increase blood flow ln'uuicult ~ells during hypoxia (Clemens

and Forrester, 1979). The hemorrhagic liver proddee§ fn animals administered

with microcystin-LR could be the result of a cascade of events initiated in

hepatocytés. One of these events, is the efflux of adenine nucleotides,

prostagiandin synthesis, and, linally, Increased blood flow in liver,

" Exposure of cells :abeled'ulth'(‘"clnuclgot!des to micrucystin-LR,

valinomycin, cyclospnrine; enniatin-b or grhhtcldln-s dtd not senﬁ to alter

the percent distribution of released nucleotides. The majority of the

releaged I‘"Clnucleotrdes was associated with the AMP and IMP fractions. This
observation Is In agreement with that offered for hepatocytes exposed to nfhor
hepatotoxins such as daunomycin, acetaminophen, and A23187 (Shirhatti and

Krishna, 1985).




This study indlcated that the cyclic polypeptides and depsipeptides
lnduéed hepatocyte‘damage, mainly through membiare perturbatfon. Microcystin-
LR causes hepatocyte damage by some mechanism that requires a lag time for
toxin to be distributed into the cell, and biotranformed, and/or the release

of a mediator(s).
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FIG. 1. Structural formulas of cyclic polypeptides and depsipeptides.

FIG. 2. Effect of 1 yM of microcystln--LR (4--4), cyclosporine (®---®),
gramicidin-s (O—-0), valinomycin (B _-.@), or enniatin-b (A...A) on the
release of [mC]nucleotides from cultured rat hepatocytes. The release of
{'*C}nucleotides from cont'rolv. {(v~—y) hepatocytes was ﬁoﬁitored. Cells were
incubated with [“‘C]adenine for 1 hr. The hepatocytes were then washed and
reincubated in 1 ml medium containing the selec‘ted polypeptides. At various '
times cell supernatants werg.collected, centrifuged, and the amount of .
[mC]npcleotides released was determined as described in the text. Cells were
lysed with digitonin and cellulalr (wC]nucleotides was determined. | The
results are bresénted‘as the percent of '['mC]nucleotides‘released. Each point

rebresents the mean of three determinations ¢ SD,

‘FIG.‘ 3. Effect of 1 uM microcystin-LR (4 --), cyclosporine (e——e),

'gramlcidln—s (0—-0), valinomycin (@---@), enniatin-b (A..4) or untreated

(o—9) on the release of LDH from cultured rat hepatocytes. Cells were :
treated as decribed in Fig. 1. Each point represents the mean of three

determinations + SD.

FIG. 4. Effect of various concentrations of microcystin-LR (0.1 - 50 uM)
on the release of [mC]nucleotldes from cultured rat hepatocytes. Cells were
treated as described in Fig. 1. Each point represents the mean of three

determinations + SD.

20




.FIG. 5. Effect of various concentrations of microcystin-LR (0.1 - 50 uM)
on the release of LDH from cultured rat hepatocytes. Cells were treated as
described in Fig. !'. The results represent the mean of three determination +

SD.

FIG. 6. Effect of 50‘,url4 microcystin-LR (*-*).. cyclosporine (e-—-@),
gramidicin-s (O~ -0), valinomycin (@ --@) or untreated (ﬁ) on the reléase
of [mC]nucleotides from cultured rat hepatocytes, Cells were treated as
described in Fig. 1. Each point represents the mean of three determinations +

SD.

FI1G. 7. ’ Effect of‘ 50 uM microcystin-LR (*f*), cyclosporine (#--—0),
gramidicin-s (0—- -0), valinomycin (8- -8) or untreated (¥=") on the release

of LDH from cultured rat hepatocytes. Cells were treated as described in Fig.

1. Each point represents the mean of three determinations + SD.
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